With the economic development of China, air pollutants are also growing rapidly in recent decades, especially in big cities of the country. To understand the relationship between economic condition and air pollutants in big cities, we analysed the socioeconomic indictorssuch as Gross Regional Product per capita (GRP per capita), the concentration of air pollutants (PM 10 , SO 2 , NO 2) and the air pollution index (API) from 2003 to 2012 in 31 provincial capitals of mainland China. The three main industries had a quadratic correlation with NO 2 , but a negative relationship with PM 10 and SO 2 . The concentration of air pollutants per ten thousand yuan decreased with the multiplying of GRP in the provinical cities. The concentration of air pollutants and API in the provincial capital cities showed a declining trend or inverted-U trend with the rise of GRP per capita, which provided a strong evidence for the Environmental Kuznets Curve (EKC), that the environmental quality first declines, then improves, with the income growth. The results of this research improved our understanding of the alteration of atmospheric quality with the increase of social economy and demonstrated the feasibility of sustainable development for China.
Introduction
China has seen economic soaring in the past three decades, with its gross domestic product (GDP) expanding 140 times during 1978-2012 (National Bureau of Statistics, 2013). However, such economic soaring is accompanied with deterioration of the atmospheric quality. In the first three months of 2013, just like what happened in London in 1952 [1] , long-time haze influenced large area of China (Fig S1) , which further stimulated the strong demand for improvement of air quality.
Air pollution has significant influence on both climate and human health [2, 3] . Oxidising air pollutants like ozone stimulate reactions to produce more greenhouse gases which exacerbate global warming [4] . Besides, decreasing precipitation and increasing dimness [5, 6] , widening of the tropics [7] , weakening of summer moonsoon in South Asian [4, 8] , as well as large-scale ocean circulation and some extreme weather like hurricane [9, 10] , are all linkd to air pollution. Moreover, anthropogenic air pollutants, especially particulate matter is extremely harmful to human health. According to Silva et al. (2013) , more than 2 million premature deaths are associated with PM 2.5 -related diseases [11] . Research results from Spain and England reported that long-term exposure to air pollution mainly explained heart disease morbidity and mortality [12, 13] . Similarly, the heating policy in Northern China was found to cause reduction in life expectancies of Northern residents by about 5.52 years [14] . Given the great influece of air pollution on natural environment and human life, researches are attaching ever greater importance to the causes and effects of air pollution [4, [15] [16] [17] .
Environmental problems result from economic expansion which increases extraction of natural resources and accumulation of waste, in the end exceeding the carrying capacity of the biosphere to the pollutants [18] . From the perspective of the history of human society economy development, the environmental quality is not fixed along a country's development path [19] [20] [21] . In the 1990s, scientists found an inverted U-shaped relationship between environmental quality and social income [22] [23] [24] [25] . Such relationship was defined as Environmental Kuznets Curve (EKC), showing that the environmental quality would first deteriorate with the increase in revenue, and then it would improve when incomes rise to a certain level [25] . Numerous research results related to developed countries have identified EKC curve between income and air pollutants, especially in the Organization for Economic Co-operation and Development (OECD) countries [18, 23, 26] . However, the relationship between income and air pollutants varies considerably among developing countries. For example, the same air pollutant sulfur dioxide (SO 2 ) showed an inverted U-shape relationship with income for Tunisia, but an Nshape relationship for Turkey [27, 28] .
China is the biggest developing country in the world, whose high-speed economic development as well as environmental changes and protection may provide experiences and lessons for other developing countries in this respect. There are also some studies regarding EKC in China [29, 30] . However, most of them focused on econometrics, without relating air pollutants to specific levels of economic development. Considering the disparate economy development paces of different provinces in this big country, analysis about how particular air pollution is related to economic development of each region is needed [31] . Moreover, EKC researches in China concentrated on comprehensive indictors like the total amount of atmospheric emission [32] [33] [34] [35] . Although some researches studied specific pollutants like SO 2 or PM [36] [37] , the relationship between the most important three categories of air pollutants and socioeconomic indicators is not adequately reported.
In this study, we aimed to establish regression models to fit the relationship between air pollutants and the three major industries (the primary, secondary and tertiary industries), so as to reveal the relationship between industry and air quality deterioration. We also caculated the ratio of air pollutant concentration to Gross Regional Product (GRP) per capita in order to know the contribution of economic development to air pollution over time. Finally, regression analysis was conducted to verify the existence of EKC in Chinese cities, or to define the otherwise relationship between air pollutants and revenue of Chinese citizens.
Datasets and Methods

Study area and data source
Data were collected for 31 provincial capitals in mainland China, which are representative of the general condition of each province (Fig. 2) . In order to investigate the relationship between social economy and concentration of environmental pollutants in China, we downloaded data about these two aspects in the database of the National Bureau of Statistics of China (Table S1 ). The economic data included GRP, population, primary industry output, secondary industry output and tertiary industry output. The pollutant data collected included the concentration of PM 10 , SO 2 and NO 2 (the three most important air pollutants in China [38] ). The air pollution index (API) was calculated with the following formula:
Where: I = (Air pollution) index of one specific pollutant, C = pollutant concentration, C low = the concentration breakpoint #C, C high = the concentration breakpoint $C, I low = the index breakpoint corresponding to C low , I high = the index breakpoint corresponding to C high , j = Air pollutants indicators (PM 10 , SO 2 , NO 2 ). 
Relationship between air pollutants and the three main industries
Linear, quadratic and cubic regression analysis was conducted to examine whether there existed simple positive or negative relationship between the concentration of air pollutants (dependent variables) and the output per capita of the three industries (independent variables) in the provincial capital cities. We chose the best appropriate regression model for each air pollutant and industry and plotted the regression line for those which were significantly correlated.
Trend analysis for the ratio of pollutant concentration to industry output
For comparing socioeconomic development level in different regions in China, we classified all the 31 provincial capital cities of mainland China into four economic regions including East Coast (East), Central China (Central), Northeastern China (Northeast), and Western China (West), according to strategies promulgated by the Central People's Government [40] . The ratio of annual air pollutant concentration to GRP per capita (c PM 10 /GRP per capita, c SO 2 /GRP per capita, and c NO 2 /GRP per capita) was calculated year by year for each region. Hereafter, the line trend plots of the ratios were constructed to illustrate the variation of energy efficiency during 2003 to 2012.
Analysis associated with EKC
In order to investigate whether EKC exists in China, regression methods were applied to the panel data of GRP per capita and pollutants' indicators in all provincial capital cities. We also conducted regression fitting for the four economic regions for further information. The relationships between air pollutants and GRP per capita were estimated by the simplified EKC model provided below, which was also described by Agras et al. (41) and Li et al. (42) [41] [42] :
Where E is the concentration of air pollutant; X is GRP per capita; a ij is a fixed effect; e ij is a stochastic error term; i is a region index (region values are ''East, Central, Northeast, West and All provincial capital cities''); j is an air pollutant indicator (PM 10 , SO 2 , NO 2 or API); b 1 , b 2 , b 3 are the coefficient for the income variable, for the income squared variable and for the income cubic term, respectively.
Statistical analysis
All the regression analysis related to air pollutants and socioeconomic indicators was performed with SPSS for Windows (IBM SPSS statistics; Version 20) . The effect of a certain variable was considered statistically significant for P,0.05. Annual mean values of data used for trend analysis of energy effiency between 2003 to 2012 were caculated by Excel 2010. 
Results
Relationship between air pollutants and the three main industries in Chinese cities
Analysis on the provincial capital cities illustrated quadratic relationships between concentration of NO 2 and the output per capita of secondary and tertiary industries ( Table 1, Fig. 1 ). The NO 2 concentration rose with the increase of the output per capita of the secondary and tertiary industries at the first stage, then began to decrease when the output reached around 45,000 and 70,000 yuan respectively. However, there was no remarkable relationship between that of the primary industry and the NO 2 concentration. The results also indicated that all the three industries had significantly negative relationship with the concentration of PM 10 and SO 2 .
Variation of efficiency ratio in recent years
The ratio of the air pollutant concentration to GRP per capita (cPM 10 /GRP per capita, cSO 2 /GRP per capita and cNO 2 /GRP per capita) had a steady declining trend in the four economic regions, especially in the western mainland China, showing a notable enhancement of energy efficiency (Fig. 2) . The cPM 10 (ten thousand yuan) 21 in the East by 370%. The ratios of cSO 2 / GRP per capita and cNO 2 /GRP per capita also showed analogous disparity among the four regions, with the variation range of efficiency ratio the smallest in the East (Fig. 2) . 
EKC analysis in all the provincial capital cities and the four economic regions
The relationship between air pollutants and GRP per capita in all the provincial capitals is presented in Fig. 3 . The concentration of PM 10 and SO 2 or API had a significantly negative linear relationship with GRP per capita; meanwhile the concentration of NO 2 had a quadratic relationship with GRP per capita. However, the relationship between air pollutants and GRP per capita was not the same for the four economic regions (Table 2, 3) . The PM 10 concentration was significantly related to GRP per capita only in the Central. Similarly, API was also significantly related to GRP per capita only in the Central. The SO 2 concentration had significant negative linear relationship with GRP per capita in the Central but positive linear relationship in the Northeast. The NO 2 concentration was positively related to the GRP per capita in the Central, West, and quadratic for the East region, but not significantly related to that in the Northeast.
Discussion
The relationship between the three main industries and air pollutants
Our results (Fig. 1) showed the quadratic relationship between the secondary and tertiary industries and NO 2 in the provincial capital cities of China. The increase of NO 2 concentration was probably caused by the continuous increase of civil vehicles (The civil vehicles number increased from 1.36 million to 78.0 million according to the National Bureau of Statistics) and the widespread use of transportation in many fields such as tourism. This was in agreement with the point of view ascribing anthropogenic pollution to combustion of fossil fuel [43] [44] . Fortunately, the concentration of NO 2 began to descend as the output of secondary and tertiary industries came to a certain level, probably due to the increasing energy efficiency (Fig. 2) and environmental-friendly measurements such as transportation control during traffic peaks [45] . Different from NO 2 , the concentration of PM 10 and SO 2 decreased with the increase of the industry output per capita, which could also be explained by the improved energy efficiency. The negative relationship between the output per capita of tertiary industry and PM 10 and SO 2 might, to a large part, attributable to the rapid development of low energy-consumption industries such as high-tech industry, though this explanation needed further confirmation. Besides, unadvanced managements such as straw burning were restricted in suburbs with the improved living standard in cities [46] , which also helped to decrease the concentration of PM 10 and SO 2 .
Variation of energy efficiency in Chinese cities
The results showed that pollutant emissions at every ten thousand yuan fell with sustainable growth of GRP in the provincial capital cities from 2003 to 2012 (Fig. 2) , which was coincident with the improvement in energy and technology in Chinese industries [47] [48] . Besides, there was a distinct difference between the high income regions and less developed ones: the more developed cities had lower concentration of air pollutants with smaller variation ranges than the less developed cities. This was probably because of the lower energy intensity and more advanced technology [49] [50] as well as better-implemented environment-friendly policies [51] in developed cities like Beijing.
The EKC in China
The relationship curves of social economy and some air pollution indicators in a period of time present different shape at different stages of development level of the country or state [52] . SO 2 per capita, for instance, seemed to tail off in 12 selected European countries when GRP per capita reached around 10000 dollars. Consequently, the relationship curve of SO 2 per capita and GRP per capita appeared a declining trend [53] . Besides, the relationship curve of one air pollutant varied from another for its particular features. Carbon emissions like CO 2 was found to increase at ever-decreasing rates, with predicted peaks beyond reasonable income level because of its cross-border externalities which result in no sufficient incentives to urge countries to regulate emission [18, [54] [55] . These findings remind us to view the relationship of economy and air pollution with consideration of the time period and specific air pollutants [52, [56] [57] .
In the national scale, our results showed a negative relationship between GRP per capita and PM 10 , SO 2 or API while inverted-U shape relationship with NO 2 (Fig. 3) . The EKC did exist for Chinese cities because the concentration of PM 10 and SO 2 stop rising from mid-1990s [58] . However, the turning point of EKC for air pollutants seemed to vary with the place, or, with the economical level. Taking SO 2 as an example, the turning point of EKC was approximately 20 thousand yuan in ChangshaZhuzhou-Xiangtan Urban Agglomeration [59] , but 37 thousand in Beijing [60] . Peng & Bao [61] reported a national EKC knee point of around 36 thousand yuan, close to that of 30 thousand yuan claimed by Li et al [62] . Though we lacked data about SO 2 concentration before 2003, our analysis made an estimated turning point of less than 30 thousand yuan, also consistent with other results.
Such EKC pattern was probably caused by the following: (1) The structure of Chinese economy has changed from energyintensive heavy industry to a more market-oriented service-based economy [62] , which, with its lower environmental damage [25] , helped China in ameliorating the environment rather than aggravating pollution. Furthermore, in order to stay competitive, firms are keen on investing new and improved technology to enhance cost effectiveness. One of the most significant consequences of this trend is an improvement in resource use efficiency within industrial sector which cut the industrial energy intensity by 50 percent during 1990s [62] . (2) Citizens' environmental awareness is improved. As Chinese people get richer and more educated, they become more concerned about the ambient Table 3 . Cont. environment they dwell [63] [64] [65] ]. At this time, their behaviors to protect environment and striving for more governmental support to do so contribute to the emergence of EKC [64, 66] . For example, a gigantic demonstration against production of p-xylene in Dalian on August 14th, 2011 [67] reflected the strong demand for better living environment. (3) Regulatory policy for environment protection has been established and effectively implemented, which is another important factor to spur EKC [68] [69] . In China, the first law against air pollution took into effect in 1987 and was amended in 1995 and 2000. The environment-friendly measures conducted by the government also provide significant support to air quality. The central government, for example, adopted drastic new pollution control measures for town and village industrial enterprises (TVIEs) and closed 65,000 high-pollution TVIEs in a national campaign in 1996. Therefore, with strict and effective regulatory measures, air pollutants such as SO 2 , soot and industrial fugitive dust began to decrease since mid-1990s [57] . It's believed that the environment will continue to improve with Chinese central government policies making efforts to promote ecological progress [70] . However, the rise of the SO 2 concentration in the Northeastern China simultaneous with the enhancement of civil revenues in this area (Fig. 4) might be a result of the policy of ''revitalizing the old Northeast industry'' by the Central Government [71] . The emergence of the knee point of EKC in the developed cities of Eastern China may be a result of well-implemented environmental policies and high investment in pollution control. But in the meantime, the Central and Northeast regions did not show a downward trend of NO 2 concentration (Fig. 4) , which was probably attributable to the growing impact of vehicular emissions [51, 72] . NO 2 is one of the dominant components in vehicle exhaust [73] . The ever-increasing civil vehicles, particularly the surge of vehicles in the cities after 2000, probably emit enough NO 2 to compensate the decrease of the pollutant from technical advancement of the industries [74] . It would be difficult to decrease NO 2 concentration in most cities if civil vehicles continue to increase in the near future, despite the controlling measures already taken [75] .
Since API is a simple and generalized indicator, its variation can reflect the general trend of air pollutants. The negative linear trend of API and GRP per capita in the Central region (Fig. 4) was probably attributable to the overall decreasing trend of the three categories of air pollutants (Fig. 3) [76] .
It is worth noticing air pollutants were not significantly related to GRP per capita in any of the four economic regions. Since the classification criterion of the four economic regions was not only the economic development level but also including geographical location, variance of economic levels within a region might have obscured the relationship between air pollutants and GRP per capita. Some detailed classification is needed to improve the accuracy of analysis.
Comparative qualitative analysis of the world also illustrated the existence of EKC and pointed out the developmental status of China in the world scale ( Fig. 5 and Table 4 ). Two comparative (Table 4) , mainly resulting from fossil fuel and biomass burning in order to meet the energy demand for rapid economic growth [7] . Developed countries in the Europe, Oceania and North America, however, have lower concentration of particulate matter, probably because of the following two reasons: (1) The developed countries have already accomplished the transition of industrialization which is currently taking place in developing countries like China [77] . ( 2) The developed countries possess more environmentfriendly technology to enhance energy efficiency and reduce pollution [78, 79] . As for the undeveloped countries, most of them in Africa, the high concentration of pollutants are mainly caused by the Sahara Desert, which brings them seasonal dry, dust-laden wind known as Harmattan [80] . Of course there are other undeveloped countries with low level of pollutants, simply because they are still at the very early stage of economic development.
Conclusions
The quadratic relationship between the concentration of NO 2 and the output per capita of the secondary or tertiary industry, as well as the negative correlation between the concentration of PM 10 , SO 2 and industry output per capita, indicate the declining trend of the pollutant concentrations with the improvement of energy efficiency and implementation of environment protection policies. With technology innovation and modulation in industries together with policy implementation from 1990s, ratios of pollutants to GRP in the 31 provincial capitals in mainland China shows a downward trend. Such negative or invert-U quadratic relationship curve between air pollutants and GRP per capita verifies the existence of EKC in China. 
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